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This invention relates to micro-eiectromechanical systems using silicon-germanium films. 
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POLYCRYSTALLINE SILICON GERMANIUM FILMS FOR FORMING 
MICRO-ELECTROMECHANICAL SYSTEMS 



5 CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of the earlier filing date of U.S. Provisional 
Application No. 60/1 16,024, filed Jan. 15, 1999, which is in 
reference. 

' \;:......>ACKGJlOUND . 

10 . _ : !This invention relates to niicro-electromechanical §ystenis^(MEMS)j and more • 

. .. particularly to the fabrication pfmicrostructm-es using structiiral and 

Surface micromachining is the fabrication of thin-film microstructures by the 
. ■ selective removal of a sacrificial film. Since the 1980s, polycrystalline silicon (poly-Si), 
deposited by low-pressure chemical vapor deposition (LPCVD), has become established 
16 . as an important microstructural material for a variety of applications. Silicon dioxide 
, . (SiOa) is typically used for the sacrificial layer and hydrofluoric acid (HP) is used as the . 
selective "release" etchant in poly-Si micromachining. The successful application of 
poly-Si to inertial sensors, for example, is owing to the excellent mechanical properties of 
ppiy-Si films and to the widespread ayailability. of depositibn equipment for poly-Si and 
20 ; Si02 films, both of which are standard materials for integrated-circuit fabrication. 
J Co-fabrication of surface micros*^ 

modular fashion is advantageous in many cases, from the perspectives of system 
: , performance and cost 

: complexity and refinement of integrated-circuit processes, it is highly desirable if the 
25 MEMS can be fabricated after completion of the electronic circuits with conventional 

mettallization, such as aluininimi (Al) metallization. While this "MEMS-last" strategy is 
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infeasible for poIy-Si microstructures because the deposition and stress-annealing 
temperatures for poly-Si films are much tod high for aluminum or copper interconnects to 
survive, the MEMS-last strategy is nonetheless very desirable. 

The state-of-the-art poly-Si integration strategy is to fabricate the thin-film istack 
5 of structural arid sacrificial films prior to starting the electronic circuit process/ There are . 
several practical disadvantages to this "MEMS-first" approach: First, the highly tuned . 
and complex electronics process may be adversely affected by the previous MEMS 
deposition, patterning, and annealing steps. For this reason, commercial electronics 
foundries are unlikely to Accept the pre-processed wafers as a starting material. Second, 
10 the plaharity bf the wafer surface must be restored after cojndpletion of the MEMS thin- 
■ . film stack, vy-^hich can be acconiplished by fabricating the MEMS in a micromachined 
well br by growing additional silicon through selecti ve epitaxy ' Third, the release of the 
istmcture occurs at the end of the electronics process and the electronic circuits must be 
protected against the hydroflubric acid etchant. iFinally, the MEMS-first approach 
15 . requires that the MEMS and electronics be located adjacent to each other, with electrical 
\ interconnections that contribute s^ 
: thereby degrade device perfonriMce.;' 

'■ ^; ^HC''":-^^^^ ^^^j^f 'PAi^x ^^^'-^ ^^'''■^'sWMivi^^ ' ' • ^ --'^ : " ■ 

20 / ' In one aspect, the invention featiires a prbce^^ 
. dlectroihedhanical system" oii k substrate. The ptobess includes depdsitiiig a sacrificial 
. . . layer bf silicoh-gennaniimi onto the substrate; depositing a structural layer of silicon- . 

germanium onto the sacrificial layers wfierfe the germaiiium cdnterit pf the :^aLcrificiai layer 
is greater tlian the germanium content of the Structiirail laiyer; and reiiibving at least a 
, 2i5 portion of the sacrificial layer. 
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In another aspect, the invention is directed to a process for forming a micro- 
electromechanical system. The process includes depositing onto a substrate a sacrificial 
layer of silicon oxide; depositing onto the sacrificial layer a structural layer of Sii-xGx, 
where 0 <x < 1 , at a temperature of about 650°C or less; and removing at least a portion ; 
of the sacrificial layer. 

In yet another aspect, the invention is directed to a process which for formiiig a 
micro-electromechanical system, comprising the steps of depositing onto a substrate a 
sacrificial layer of polycrystalline germanium; depositing onto the sacrificial layer a 
structural layer of Si i-xGcxi where 0 < x < 1 at a temperature of about 650°C or less; and 
removing at least a portion of the sacrificial layer/ r"^^"^^^^ ... 

: In another aspect, the invention is direCtied to a process which includes depositing 
a ground plane layer of Sii-xGCx, where 0.6<x <0.8; depositing onto the ground plane 
layer ia sacrificial layer; depositing onto the sacrificial layer a structural layer of Si uxGcx, 
where 0 < x < 1 , at a temperature of about 650°C or less; and removing at least a portion 
of the sacrificial layer. . ; / ; . - 

Various implementations of the invention m 
following features. The process may form one or rribre transistors on the substrate where 
/ the transiistors are forihed before the sacrificial and structural layers' are deposited oiito idle 
% ^ubstrkte, The transistors may be fomibd using Cii metallizatiori or Al metallization. ; The 
transistors may be formed without metallization before the sacrificial and stmcturkl layers 
are deposited ontd the substrate: ind are metalized after the sacrificial and stractural layers 
are deppisited/ The transistors m^ 

sacrificial liayer may be cornpo^ed of Sir. iGxy where G.4<x <1. The ^ 
sacrificial layer and the sthictural layer may be deposited at a temperature of about 550^G 
or lesk. The germanium conceritratiori of the structural layer may vary through its depth. 
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: The process may remove portions of the structural layer to achieve a desired three- 
dimensional shape/ The sacrificial layer may be completely removed. The sacrificial - 
layer may be removed by exposing it to a solution comprising hydrogen peroxide, 
anmionivim hydroxide, and water, or HF,. Before the saci:ificiail layer is exposed to HF, . 
5 amorphoxis silicon may be deposited on the substrate. 

In another aspect, the invention is directed to a micro-electromechanical system. 
The system includes a substrate; one or more structural layers of Sii.xGcx, formed on the 
substrate^ wher^ O <x < 1 ; and one or more transistors formed on the substrate. 

Various implementations of the microelectromechanical system may include 
10 one or more of the following features. The micro-electrpmechamcal system ihay 
V- feature a glass pr a silicon substrate. It may comprise at least portions of one or 
- . more sacrificial layers of silicon-germanium formed under structural layers,-where 
; the germanium content of the one or more sacrificial layers is greater than the 
germanium content of the respective structural liayers. The system may also 
15 comprise at least portions of one or more sacrificial layers of silicon oxide formed 
V imder structural layers. The one or more transistors in the micro-electromechanical 
system may be MOS transistors or bipolar transistors. . . 

V f'jv 1^ structural: layers in the micro-elec^^ 

' / ^ depbsited above the brie or more tranisistors, Tlie on^ or more structural layers may 
^20 be deposited onto an upper level of a metal interconnect of the one or more 

transistors. The one or more structural layers include a ground plane ;which is 

• - , ' • ... • . ■• , • . • . . ..*_• _. 

electrically connected to the upper level of the m^ 

• structural layers may fonn a resonator, or may . be incorporated into aii optical 

device.:- v ^- r:: ■•■ ^ . ^-vv-- .-'^ -; -•■v-,.^' ' • [ 

r 25 The details of one or more implementations of the invention are^^^^ 

■ 4 
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the accompanying drawings and the description below. Other features j objects, and 
advantages of the invention will be apparent from the description and drawings, and 
from the claims. 

A principal advantage of using poly-silicon-germaniimi .is its much lower 
deposition temperature than LPCVD poly-Si; fiorthermore, a dopant-activation and 
residual stress annealing step, if even necessary, can be conducted at a much lower 
temperature than for LPCVD poly-Si. In fact, the in situ doped, p-type poly-silicon- 
germanium (poly-Si().x)Gex) does not require an annealing step, because its as-deposited . 
resistivity, residual stress and stress gradient are sufficiently low for many MEMS 
applications. In situ doped p-type poly-Si(i.x)Gex films^may be used as the structural 
layery both to maximize the deposition rate and to minimize the film's resistivity. As a 
. result, poly-silicpn-germanium (poly-Si(i.x)Gex) microstructures can be fabricated using a 
"MEMS-last" paradigm directly on top of state-of-the-^art microelectronics. The initial 
layer of poIy-SiGe can be deposited directly onto an upper-level of a metal interconnect 
in the electronic process. The low thermal budget does not come at the price of degraded 
performance: the mechanical properties of poly-Si(i-x)Gex, such as the intrinisic damping 
parameter and fracture strain, are in the same range as those of poly-Si . 

Another advantage of LPCVD p6ly-Si(i-x)Gex films is that th0y may be used for 
. : • the sacrificial layers, as well as thie microstructural layers. Germahiiim or germanium- 
rich poly-SiGe films are etched selectively with respect to poly-SiGe films containing at 
least 30 percent Si by using hydrogen peroxide (H2O2) as a release etchant. The 
elimination of HF as the release etchant greatly simplifies the final steps and increases the 
•• safety of the process^ Hydrogen peroxide does not attack the upper layers in 

microelectronic structures, such as aluminum, oxides, or oxynitrides; as a result, there is 
no need for special masking films to protect the electronics during the release etch. The 

* ' . ■ • ' 5 
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extreme selectivity of hydrogen peroxide to germanium-rich films also eliminates the 
need for closely spaced etch-access holes in microstructxiral layers. As a result, MEMS 
designers can create unperforated plates for such applications as micro-inirrors, where 
etch-access holes are undesirable: 
5 Still another advantage is that by using poly-Si(i-x)Gex filnis, which enables the 

MEMS-last strategy, designers can access any integrated circuit (IC) foundry for the 
integrated^circuit portion of the system, since no modification whatsoever is needed to the 
microelectronics process. 

SiGe promises to revolutiomze MEMS technology by easing modular integral 
10 with CMOS devices, for example, using . : 

standard processing techniques, increasing process throughput and yield, improving 
mdlded microstructure (HEXSIL) fabrication, and enabling ne>y device designs. These 
improvements are economically viable, since an LPCVD Si furnace can be converted to a 
SiGe furnace simply by adding another input gas. 
15 : The details of one or more embodiments of the invention are set forth in the 
accompanying drawings and the description below. Other features, objects, and 
advantages of the invention will be apparent from the description and drawings, and from 
":V the claims.^:-' .: .V- ;.v:^/v 

20 ; H V : DESCmPTION OF DRAWINGS ^^^ v ;> : 

• FIG. 1 A is a top view of a MEMS resonator and a microelectronics ianapliiSer built 

• . ■ ■ ' ■ .. • * ■ • . • • " 

•: ^side-by-side.-._ \'- ■■■ :■ / .-''V'-:. . ' 

' ' ; ; FIG. IB is a top view of a MEMS resttnafor built on top of a micrDelejCtfonics 

•■ amplifier.".;:- '.•/■•-■-.:>-' - ■. ■**•."• ■ T--- • --v.^- 
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FIGS. 2-7 are cross-sectional views illustrating steps in the fabrication of the 
resonator and the amplifier of FIG. IB. 

FIGS. 8-13 are cross-sectional views illustrating 
alternative steps in the fabrication of the resonator and the amplifier of FIG. I B.. 
:S FIG. 14 is a graph illustrating the frequency response of a niicroresonator and 

CMOS amplifier like that of FIG. 1 A. 

FIG. 1 5 is a cross-sectional view of a resonator fabricated oh top of a five-level . 
CMOS device. 

FIG. 1 6 is a cross-sectional view of a HEXSIL structure having silicon oxide arid ; 
10 germanium as sacrificial layers. .U^ r 

Like reference symbols and reference numbers in the variouis cbawings indicate 
like elements. . >■ .• ; ;. *: ; , •• 

DETAILED DESCRIPTION . 

15 ; . The present invention is directed to the use of a Si i .xGcx. material , where 0<x < 1 , : 
for fabricating MEMS devices. The present mvention will be described in terms of 
. several representative embodiments and process steps in fabricating a MEMS resonator 
> :" ^th -pre-existing microelec^ 

\ ~ Poly-SiGe is a semiconductor aUoy material; w properties siiiiilar to Foly 

. 20 Si, but can be processed at /^-^^ }..■■■■:■'..,■..•.■: ■ 

substantially lower temperatures. Table 1 provideis a comparison of the various properties 
of poly-Si and poly-Ge: 
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Poly-Si 


Pofy-Ge 


Thermal Properties; . 






Melting temperature (**C) 


1415 


937 


Tdeposition 


"600 


~350 


Tstress anneal ( 


900 


<550 


Thennal expansion (10'°/K) 


2.6 


5:8 


Mechanical Properties: 






Young's Modulus (Gpa) 


173 


132 


Fracture strength (Gpa) 


2.6+/-0.3 


.2.2+/-0.4 


Electrical Properties: 






Bandgap at 300K (eV) 


1.12 _^ _ 


:66 


Electron affinity (V) 


4.15 


4.00 



Table 1: Properties of poIy-Si and poly-Ge 

Fig. 1 A shows the top view of device 120 including a CMOS trans-resistance 
amplifier 100 and a microresonator 105 iri a side-by-side configuration- The resonator . 
105 is a comb-drive device fabricated with micrbfabrication equipment using p-type Sij. 
xGcx, Where 0<x ^1, as; the structural material and Ge as the sacrificisQ material. In this 
particular device, X =0.64. Resonator microstructures are described in U.S. Patent 
. 5,025,346; U S. Patent 5,491,604; U 
"\ * aii-e all assigned tb the assigiiee of the present application and are 

incorporated herein by reference. 

The amplifier 100 niiay irid^ 
MOS or bipolar transistors. The transistors may be formed on a silicph substrate. 

Fig. 1 B shows amplifier 1 00 arid microresonator 1 05 in a vertical configuration on 
device 120. The low deposition temperature of SiGe films makes it possible to deposit ' 
the MEMS stracture after completion of the microelectronics. Therefore, resonator 105 

8 
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can be fabricated directly on top of amplifier 1 00. This vertial configuration reduces 
. interconnect resistance and capacitance inherent in the side-by-side configuration of Fig. 
.1 A, enhancing device performance. . , : , 

Conventional, low pressure chemical vapor deposition (LPCVD) equipment can be 
5 used to conformally: deposit poly-SiGe films by thermal decomposition of germane 

(GeH4) and silane (SiH4) or disilanie (Si2H6). Film deposition using disilane as a silicon 
source allows for reduced deposition temperatures^ when compared with films deposition 
using silane. The films may be deposited at temperatures of about 650^C or less, about 
550**G or less, or evieh 450°C or less. Si deposition is catalyzed by the presence of Ge, so 
10 that the film deposition rate increases with increasing Ge cbntent-^hen the process is . 
limited by surface reactions. Thm, the deposition t 

increasing the Ge content. Deposition ratejs of greatet than 50 A/minute can be achieved 
at temper;atures belov^ 475°C for films with more than 50% Ge content, and at 
temperatures down to 325**C for pure Ge. ; ■ 

15 The Ge content in the structiiral arid sabrificia;! layers- can range firom about 3 0 to . 

100 perceiht. As discussed below, hovveVer, the Ge content in the sacrificial Si(i.x)Ge(x) 
layer needs to bb greater than that in the s^ : 

• Pol^^ by?the incorpbr^i^^ dopaiiis iri-situ 

dunhg deposition or . 

20 annealing. The resiistivity of p-type poly- Si i ;xG6x films generally decreases with Ge 
content, due to increases in carrier mobility and dopant activation rate. However, the 
rfesistivity of h-type fihnis iricreaseis vsd cohfeiit above about 40 percent; due to 
reductions in dopant activation fate ^ . : ; v . ^ 

"\ I^oiy-Sii-xGex films can be patt^ well-established vvet-6r dry-fetching 

25 techniques. Germanium oxideis are soluble in water; consequently, Ge-rich poly-Si i-xGcx 

9 
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is etched in oxidizing solutions such as H2O2. Ge is not attacked by nonoxidizing acids, 
such as HF, and bases.: The Sii-xGex films with greater than about 60 percent Ge content 
arerapidly etched in the standard RGA, SCI clean bath (1:1:5 >m40H:H20^ This 
solution can thus be used to etch both doped and undoped Si iixGcx films with a selectivity 
5 (to si and Si02) which increases exponentially with Ge content. Poly-Si j.xGcx films are 
not significantly affected by mildly oxidizing or non-oxidizing solutions which are 
typically used in wet cleaning processes. poly-Si i-xGcx is etched in flourine-based 
plasmas. The plasma etch rate of poly Si wxGcx films increases with increasing Ge 
content due to the greater gasification rate of Ge atoms. High Si uxGcx-to-Si etch-rate 
10 ratios can easily be achieved using reactive ion etching.r-^ - 

In order to maintain a low thermal budget for the MEMS fabrication pr^^^ 
rapid thermal annealing (RTA) by high-power tungsteii-halogen lamp irradiation can be 
employed to lower the resistivity of the poIy-Sij.xGex films. Because Ge has a lower 
energy band gap than Si, it absorbs the lamp radiation much more efficiently than Si. Its 
- . 15 higher absorption coefficient results in selective heating of Ge during the anneal. This 
feature can be exploited to realize higher annealing temperatures for poly-Si i-xGcx or 
p6ly-Ge microstructural films than would oth<erwise be possible with furnace annealing. 
1^^^ of poly-Si i-xG?x or poly-Ge 

^ ^ r^^^^ films in lowering the theirhal budget needed for MEMS fabrication. 

20 r Referring to Fig. 2-7, the process steps for the modular integi^^ 

microstructures, for example microresonator 105, with conventional CMOS circuitry^ for : 
V example ampHfier 100, a^^ A starting substrate 110 

microelectronic circuitry, such as NMOS 210, fabricatedi using a conventional CMOS or 
. BiCMOS trahsistbr process, A. metal interconnect 2 1 5 niay be formed with Al or an alloy 
25 : . of Al. Alternatively, it can be formed by Cu or an alloy of Cu, or other standiard 

10 
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metallurgy. There can be barrier metals such as Ti/TiN (not shown) between interconnect 
215 and substrate 110. The interconnect 21 5 is connected to a heavijy doped p+ type (p"*} 
poly crystalline silicon (poly-Si) strap 205. 

These figures are not to scale, so that all layers are clearly visible. Several metal 
5 interconnect layers are possible, but only one is shovyn for simplicity. The electronics are 
passivated with low-temperature-deposited silicon dioxide (LTO) 225. The LTO 225 is 
chemo-mechanically polished to achieve a planar surface. 

. : : Referring to Fig. 3, a via 305 is cut through LTO 225 to p+ poly-Si connection 
strap 205 using conventional lithography and etch steps. In another embodiment, via 305 
10 could go down to interconnect 215, eliminating the need-for p-^ poly-Si connection strap 
> 205 and thus reducing intercomect resistance. .. .. ^ 

Next, a layer 310 of p+ polyrSii-xGcx, which will serve ias the ground plane, is 
deposited and patterned. In one embodiment, an in-situ doped film is used. 
Alternatively, groimd plane 310 can be formed by depositing an undoped film and 
15 subsequently doping it by ion implantation or diffusion processes well-known in the art, 
A p+ poly-Sii-xGcx material witih Q.8> x > 0.6 could be used for ground plane 310, as the 
Ge content must be high enough to enable low processing temperatures (for compatibility 
: vvith metallized electronics), but cannot be so high that the ground plane would not be 
! It ^ . abietb witiistaiid the final microstructure-releaise etching step. 

20 . A variety of deposition and predeposition conditions are possible for this step and 

other steps mentioned elsewhere in this detailed description. It should be clear that the 
: .V --.i > . , . various deposition conditions are mentioned for illustrative purposes only. While there 

V are other possible deposition conditions, the following deposition conditions for p+ poly- 
. . . Sij-xGcx ground plane 310 are provided: predepositing an amorphous Si layer (not 
25 shown) of less than 5 nanometers by flowing for two minutes 200 istandard cubic 

11 . 
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centimeter per minute (scorn) Si2H6 at a pressure of 300mT and a temperature of 425*'C. 
This is needed to allow the p+ poly-Si|-xGex ground plane to nucleate on LTO 225. The 
final ground plane thickness is approximately 500 nanometers, and it is deposited by 
flowing for 30 minutes 85 seem SiH4, 90 seem GeRi, and 50 seem of the B dopant source 
5 gas(10%B2H6and90%SiH4)at600mTand450^C. 

Figure 4 shows that a sacrificial layer 405 of poly-Ge is then deposited, and 
selectively etched down to p+ 

poly-Sii-xGex ground plane 310 in region 410 where the structural layer of the 
microstructure is to be anchored. The location of region 410 with respect to interconnect 
10 21 5 is for illustrative purpose only and can be more- to the right or to the left of the 
interconnect. The deposition conditions for the sacrificial layer 405 are as follows: 
predepositioh: 5 min., 300 mT, 375'*C, 200 seem Si^He; and deposition: 165 min., 300 

mT, 375^C, 220 seem GeH4. 

These deposition conditions resulted in a 2.7 micron thick sacrificial layer 405. 
15 Again, the predeposition is needed for the poly-Ge to be able to deposit on LTO 225. It is 
possible to have pdly-Si i -xGcx instead of poly-Gei as the sacrificial material for layer 405 . 
However, the sacrificial poly-Sii-xGcx must have an x greater than the x for the structiu-al 
poly-Si i xGex; tiiat is, the sacrificial rnaterial miist have d higher Ge content than the 
structural layers. This is because the material with higher Ge content will be etched 
20 (sacrificed) faster in oxidizing solutions than the material with lower Ge content 
Next, in Fig^ 5, a structural layer 505 of p+ poly-Si i.xGex is deposited and 
patterned. The deposition conditions for tiie layer 505 of p+ poly-Si i-xG^ are as follows: 
predeposition: 2 min., 3 00 mT, 425°C, 200 sccin ^ii^^; and deposition: 1 i80 niin., 606; 
mT, 45G°C, 85 sccin SiHj, 90 seem GeH4, and 50 seem of the B dopant source gas (10% 
25 B2H6 and 90% SiH4). 

12 
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The deposited structural layer 505 is a 3 micron thick film. Again the 
predeposition allows structural layer 505 to form on SiOa^ Although there should hot 
have been any Si02 surfaces, poly-Si i-xG^x can form a thin native oxide layer (not shown). 

Referring to Fig. 6, opening 61 0 is then patterned and etched through sacrificial 
poly-Ge layer 405, ground-plane 310 and layer 225. This step exposes ia metal bond pad 
605. The standard release etchant used in conventional surface-micromachining 
technology is a hydrofluoric acid (HF) solution, which attacks metal and hence makes it 
difficult to clear bond-pad areas prior to microstructiire release. The use of germanium as 
a sacrificial material makes it possible to expose the rhetal bond pad without risking any 
damage, since germanium is easily removed in an oxidizing solution which is benign to 
met^. This simplifies and improves the reliability of the packaging process. 

In Fig. 7, sacrificial poly-Ge layer 405 is then.etched away ming an oxidizing 
solution such as H2O2. Finally, substrate 110 is rinsed and dried. Precautions to prevent 
stiction between stmctural layer 505 and ground plane 310 may be necessary. Note that 
this process allows MEMS stmctures to be fabricated directly on top of the electronics as 
depicted in Figures IB and 7. This reduces parasitic resistances and capacitances : 
aissociated with long interconnects, and also reduces cost by saving areai . . 

This process flow is directly applicable to fabricating MEMS structures over ; 
^ stiaridard electroiiic circuitry in which a p-typ6 p^^ layer i^ available to fomi 
interconnections between devices. It should be noted that sub^O.25 micron CMOS 
technology typically employs a poly-Si layer which is selectively doped (n+ in n-channel 
device regions, p+ in p-channel device regions), so that p+ poly-Si would be readily 
V : available for forming interconnecting straps betvveen the MEMS and CMOS devices. 
Alternatively, the p+ poly-Si i.xGcx groiuid plane could be connected directly to a metal : . 
line, without the need for an intermediary poly-Si strap. 
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Although the use of GeTrich poly-SiGe as a sacrificial layer has several 
advantages, the MEMS-last integration strategy is also feasible using oxide sacrificial 
layers. In this case, it is possible to use n-type or p-type poly-Si i-xGcx as the structural 
layer. Since HF is the release etchant for oxide sacrificial layers, it is necessary to protect 
5 the electronic structures, firom attack by HF during release. A: pinhole-free layer is needed 
that can be dleposited at low temperatures (< 450°C) and that can v^dthstand lengthy . 
exposure to HF without degradation. Furthermore, the film cannot be highly conductive, 
; or it will short out the poly-Sii-xGcx microstructures. Amorphous silicon is found to be a 
- • useful film for this application. - : 

io Figs. 8-13 illustrate an alternative process 6£manyfacturing a MEMS device, such 

as microresonator 105, directly on top of microelectronics, such as. amplifier 100, using 
oxide as the sacrificial material. In Fig. 8, a starting substrate 1 1 2 contains . 
microelectronic circuitry, such as NMOS 212,fa,bricated using a conventional CMOS or 
BiCMOS transistor process;. A metal interconnect 217 may be formed with Al, Cu, an 
15 alloy of Al, an alloy of Cu, or other standard metallurgy. Here interconnect 21 7 is made 
of Al. There can be barrier metals such as Ti/TiN (not shovm) between intercormect 21 7 
and substratie 1 12. In this embodiment, a strap 805 conhected to interconnect 21 7 is a 
• heavily doped n-type (h+) p6lycryistalline silicon (poly-Si) material. 

so that dilaj^fersiure clear! Severail metal 

20 V ; interconnect layers are possible, but only one is shovm for simplicity. The electronics are 
passiv£ited with low-teniperature-deposited silicon dioxide (LTO) 227. 
> ; As shoym in Fig. 9, an amo3^^^ 
' : is resistajit to iib pi-otect the electronics, > 

. siich as NMOS 212, firom- HF. Another LTG) layer 91 0 is subsequently deposited to iserve 

■ 14 ■ ' * ■ ^ ■ . - ■'■ 
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as an etch-stop layer for a later etch step; This LTO layer .910 can be eliminated in other . 
embodiments. 

. The deposition conditions for a 590 A thick layer 905 include a two-step LPCVD 
process for flowing Si2H6 at 500 mT. Step 1 is conducted at 450^C for 6 minutes, and . 
5 step 2 is conducted at 4 1 0'^G for 40 minutes . 

/ vin Fig. 1 0, via 1 000 is then formed through multilayer stack layers 227, 905 and 

910 using conventional lithography and etch steps. The via 1000 goes down to an n+ 
poly-^Si connection strap 805. In other embodiments, the via(s) could go down to 
. . : interconnect 217 instead and n+ poly-Si connection strap 805 could be eliminated, 
10 ^ reducing interconnect resistance. " ; ■ " . ^ 

Next, an n+ poly-Ge layer 1010 is deposited. This.n+ pply-Ge layer is the 
ground-plane layer. Although an in-situ dop>ed film was used, ground-plane layer 1 010 
can be fonxied by depositing an undoped filrn and subsequently doping it by ion 
implantation or division processes well-known in the art. It should be noted that instead 
15 of n+ or p+ poly-Ge, n+ or p-h poly-Si i.xGex with x < 1 could be employed for the ground- 
plane layer. The ground plane layer is patterned using conventional lithography and etch 
. . •;■ processes.. • : :v -v 

. : \ /; The deposition conditions for a 3100 A thick n+ poly-Ge ground plane layer 1010 
•f> : : ihdude a LPCVD process conducted at 400?C and 300 HiTi jpredeposition: 200 seem ; 
20 V SiiHe for 1 minute; and deposition: 100 seem GeHU and 10 seem 50% PH3/50% SiHU for 
-;:.-.■* 50-minutes: . ;■• ' .\:v-' ;.- -v../ -.:*-:f - .--^ ^ o.. ^v. :• •/ /" 

Next, as shown in Fig. 1 1, a sacrificial layer 1;100 of LTQ 
\ \ layer 1100 is chemo-mechanically polished to give a flat surface* The LTO layer 1 1 00 is 
: , then etched down to the h-t poly-Ge ground plane in;region 11 1 0. where the structural 
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layer is to be anchored {e.g. on the right side of the figure) and connected to groiind plane ^ 
1010. 

As illustrated in Fig! 12, a structural layer of n+ poly-Ge 1200 is next deposited; . 
Although an in-situ doped film can be used, structural layer 1200 can be formed by . 
5 depositing an undoped film and subsequently doping it by ion implantation or diffusion as 
is well-known in the art. Again, it should be noted that instead of n+ or p+ poly-Ge, n+ 
' " or p+ poly-Sii-xGcx with x < 1 could be employed for structural layer 1200. The 

structural layer 1200 is patterned using conventional lithography and etch processes; . 
The deposition conditions for forming a 2.2 micron thick n+ poly-Ge structviral. 
10 layer 1200 include a LPCVD process conducted at 400^C, 300 mX:prbdep^^ 

seem Si2H6 for 1 minute; and deposition: 100 sccrh GeH4 and 10 seem 50% PH3/50% 
V SiHi for 4 hours and 45 minutes: 

Referring to Fig. 13^ the devices 2ire next aimealed with RTA of 550^C for 30 
seconds in a nitrogen (N2) environment to lower the resistance of n+. poly-Ge layer 1200. 
15 . The sacrificial LTO 1 1 00 is then etched away using an HF-containing solution. Finally, 
substrate H2 is rinsed with water and then miethanol, and air-dried. Typically, stiction 
between structural layer 1200 and ground plane layer 1010 occurs diiring the drying 
: process, and fextra steps are M 
^ ^^^^^^^^^^^^^^ This 

20 advantageous low Stiction property of poly-Ge may also exist for poly-Sii-xGcxW 
1. Note that this process allows the MEMS structures to be fabricated directly 

' - - capacitances associated with long intercomiects j arid also reduces cost by saving area. • . .. ; 

■ This process flow is directly applicable to fabricatitig MEMS structures over . 
25 Standard electronic circuitry in which an n+ poly-Si layer is available to form 

16 
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interconnections between devices. It is also possible to use heavily doped p-type (p+) 
poly-Si I. xGCx for the structural layer(s). If so, either a p+ poly-Si interconnection strap 
could be used, or the p+ poly-Si i -xGcx ground plane could be connected directly to a metal 
line, without the need for an intermediary poly-Si strap. . 
5 As a viariation of the above processes, the transistors on the substrate may be 

fonned without metallization before the sacrificial and structural layers for t^^ 
microstructure are formed. The transistors may then be metallized after the sacrificial and 
structural layers are formed. However, this interleaved fabrication strategy does not have 
the manufacturing advantages of the post-electronics modular approachs described in 
.io:--'' Figs. 2-13. ' ' ' / ' ■ . . : 

The frequency response of an integrated poly-Ge resonator and standard CMOS 
' amplifier is displayed in Figure 14. The ground plane and shuttle were biased at 50 V. 
The drive signal was an AC signal with 7Vp.p. The device was tested in air and the 
resonator had a Q of 45 and a resonant frequency of 1 4.05 kHz. The frequency response 
15 . shows that the device was fully functioiial 
* While single layer intercoimect layers are shown in the processes of Figs. 2-7 and 

Figs. 8-13, Fig. 15 illustrates that the several metal ihterconiiect layers that are available s 
in a modem CMOS device enable the design of short, well-shielded vertical 
1; ?^ interconnections between a MEMS structure and thie electronics. The MEMS ^cture 

20 ■ 1500, such as amicroresonator, is fabricated directly on a 5-level metal interconnect 
1550. As shown, the niicroresonator includes drive electrodes 1505, a 1^ 
^^^^ = - r^^^ 1510, and sense electrodes 1515. The 5-level metal interconnect 1550 includes 

- ^^^^ 1520 to resonator 1510, and shields 1525 and 1530 to protect interconnect 1555 

• ^ to drive electrodes 1 505: The mtercoimect .l55G also includes shields 1540 and 1535 to 
25 protect interconnect 1545 to sense electrodes 1515. The integrated MEMS 1500 is 

17 
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inexpensive to fabricate, since there is no need for a specialized, expensive electronics 
process and since the addition of the MEMS structure does not increase the die size. 
Finally, the extension to multiple structural layers is much easier than for MEMS-first 
integration strategies because the increase in thickness of the MEMS film stack has no 
5 impact on the electronics process; ... 

The availabihty of several sacrificial materials (Si02, Ge-rich SiGe, and Si-rich . 
SiGe) provides different design options for other devices, such as a HEXSIL structure of 
the type disclosed in U.S. Patent 5,660,680, assigned to the assignee as the subject 
application and which is incorporated herein by reference. As shown in Fig. 16, a 
10 HEXSIL structure 1 61 5 of SiGe is formed in a Si mold .1.620 using two sacrificial layers, 
• an Si02 layer 1610 and a Ge layer 1605. The ability to etch different sacrificial layers at 
different tiriies during a process offers various design options. For example, the thermal : 
coefficient of expansion of Si02 layer 1610 is sufficiently different from that of Si mold 
1 620 so that cracks can result from cooling the niold after deposition. An HF etchant 
15 could also damage the mold with repeated use. Layers of Ge-rich SiGe and Si02 could be 
used to make the thermal expansion coefficient of the sacrificial material match that of 
the Si mold. Also an H2O2:NH4OH:H20, 1 :1 :5 solution b^^ 

:e^ses release of the molded structure from mold 1 620, This solution would also not 

20 ■ ' Additionally, SiGe has unique properties that will allow the design of new 

devices. Unlike Si, Ge is reflective attheinfimed wavelengths of interest for 
cbnununicatipn applications. The reflectivity of Ge is higher at wavelengths in the./ 'y''^-'i^\ 
■ ^ infrared and visible regimes. Optical switches and projection television applications rriay 
be^ ablie to use Ge reflectors Vkdthout coatings to improve reflectivity. Such devices may . 

25 be fabricated on glass substrates. The low processing temperatures for SiGe will allow 

.18 
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the use of low temperature materials. Relatively thick layers can be fabricated with less 
concern for wafer bow during processing. By grading the Ge concentration, three- 
diniensiohal sculpting of layered structures will be possible. The stress, Yoimg's 
Modulus, density, and conductivity can be tailored by chaiigirig the Ge concentration. 

A number of embodiments of the invention have been described. Nevertheless, it 
will be understood that various modifica:tions may be made without departing from the 
spirit and scope of the invention. Accordingly, other embodiments iare within the scope 
of the following claims, y • : V ; 
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WHAT IS CLAIMED IS: . 

1 .. A process for forming a micro-electromechanical systeni, coniprising: 
. depositing onto a substrate a sacrificial layer of silicon-germanium; . 
5 - depositing .onto the sacrificial layer a structural layer of silicon-germianiimi, where the 
- : germanium content of the sacrificial layer is greater than the germanium content of the 
structural layer; and 

removing at least a portion of the sacrificial layer. 

21 . The process of clairn 1, wherein the sacrificial layer is composed of Sii- 
10 xGex, where 0.4 <x < 1. 

3. The process of claim 1 , wherein the sacrificial layer and the structural 
layer are deposited at a temperature of about 650®C or less. 

4. The process of claim 1, wherein the sacrificial layer and the structural 
layer are deposited at a temperature of about 550°C or less. 

15 5. The process of claim 1, wherein the sacrificial layer is completely 

. removed. 

6. The process of claim 1, further comprising forming one or more transistors 
on the substrate. • . ■.,*-:":;." . 
^^v^^^^^^^^{^-;.i : 1/ , Tl>e process of claim 6vwh^ 

20 before the sacrificial and structural layers are deposited onto the substrate. 

8. The process of claim 6, wherein the one or more transistors are formed 
using Cu metallization. - ; ; ; / ' 

9. The process of claim 6/whereih the one or more tran 

. , using Al metallization. . .. . . . - , 

• . ' ■ ■ * 20 • . . * 
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10. The process of claim 6, wherein the sacrificial and structural layers are 
deposited onto the substrate at a temperature of about 55Q^C or less. 

1 1 . The process of claim 6, wherein the one. or more transistors are formed 
without metallization before the sacrificial and structural layers are deposited onto the 
substrate; and further comprising metallizing the transistors after the sacrificial and 
structural layers are deposited onto the substrate; . 

12. The process of claim 6, wherein the one or more transistors are MOS 
■ transistors.' ■ ' 

13. The process of claim 6, wherein the one or more transistors are bipolar 
■■■transistors.;': • • • ^- <- .n'. •^ ^./;>-\ " • /- /^--^ ' 

14. The process of claim 1 or claim 6, wherein the sacrificial layer is removed 
by exposure to a solution comprising hydrogen peroxide, ammonium hydroxide, and 

.water. . • * . ■■ \.y: 

15 . The process of claim 1 or claim 6, wherein the sacrificial layer is removed 
by exposure to a soltition comprising hydrogen peroxide. 

■■'.'■^ 16. The process of claim 1 , wherein the germaniimi concentration of the 
structural layer varies through its depth. ; V U-' 

1 7. ~ The process of claim 1 6, further coinprising removing pprtiphs of the 
^/ structural layer to achieve a desired three-dimensional 4iape^i ; ^ ^-i 

• 18^ The process of claim 1, further comprising incorporating the system into 

ah optical device. . > .\ . ; . 

. ■ ■ ■ • ' . ■ . • -. ♦ ■ 

19. : : A process for forming a micro-electromechanical system, comprising: 

. .. depositing onto a substrate a sacrificial layer of silicon oxid^ 

; , depositing onto the sacrificial layer a structural layer of Sij-xGex, where 0 <x < 1^. 

at a temf>erature of about 650**C or less* and . 

21 
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removing ait least a portion of the sacrificial layer. ■ 

20. The process of claim 19, wherein the sacrificial layer and the structural 
layer are deposited at a temperature of about 550°C or less. . 

V 21 . The process of claim 1 9, wherein the sacrificial layer is completely 
removed. 

22. The process of claim 1 9, fiirthef comprising forming one or more 
transistors on the substrate. 

23 . The process of claim 22, wherein the one or more transistors are formed 
before the sacrificial and structural layers are deposited onto the substrate. 

24. The process of claim 22, wherein the onejpr rriorejtransistors are formed 
using Cu metallization. 

25 . The process of claim 22,- wherein the one or more transistors are: formed 
using Al metallization. 

26: The process of claim 22^ wherein the sacrificial and structural layers are 
deposited onto the substrate at a temperature of about 550**C or less. 

27. The process of claim 22, wherein the one or more transistors are formed 
without metallization before the sacrificial and structural layers are deposited onto the 
substrate; and fiuther comprising metallizing the transistors after the sacrificial and 
structural layers are depdsiteid pn^^ \ 

; 28. The process of claim 22, wherein the one or more transistors are MOS 
transistors 

V ; ■ 29: The process of claim 22, wherein the one or more transistpris arie bipolar 
: ■b:ansistors; V - v-^., ?/..--, -v r _ 

. 30; The process of claini 19, wherein the sacrificial layer is removed by 
> exposure to a solution comprising HF. - 
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31 . The process of claim 22, wherein the sacrificial layer is removed by 
exposure to a solution comprising HF. 

32. The process of claim 3 1 / further comprising depositing amorphous silicon 
onto the substrate before the sacrificial layer is exposed to HF. 

33 . The process of claim 32, wherein two or more separate layers of 
amorphous silicon are deposited onto the substrate before the sacrificial layer is exposed 
to HF. 

34. The process of claim 1 9, wherein the germanium concentration of the 
structural layer varies through its depth; 

.35. The process of claim 34 , further comprising removing portions of the 
structural layer to achieve a desired three-dimensional shape. 

36. The process of claim 1 9, further compriising incorporating the system into 
an optical device. 

37. A micro-electroniechanical system, cofnprising: 
a substrate; 

one or more stractural layers of Si i -xGcx, formed on the substrate, where 0 <x ^1; 

and .. ■ ■ t-.- 

' j ' one 

38. ■ The system i6f claim 37, wherein the substrate is 
a silicon siibstratel . . ^ 

■ 39: The micro-eiectrbmechanical isysfe 
a glass substrate. 

40. /the micro-electromechknical system 6f claim 37, further comprising at 
least portions of one or more sacrificial layers of silicon-germanium formed under 

23 
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respective structural layers, where the germanium content of the one or more sacrificial 
layers is greater than the germanium content of the respective structural layers. 

41 . . The raiicro-electromechanical system of claim 37, further comprising at 
least portions of one or more sacrificial layers of silicon oxide.formed under respective 

5 structural layers. 

42. The micro-electromechanical system of claim 37, wherein the one or more 
transistors are MOS transistors, 

43. The micro-electromechanical system of claim 37, wherein the one or more , 
transistors are bipolar transistors. 

10 . 44. The micro-electromechanical system of i^ini 37, wh^^ 

concentration of at least one structuiral layer varies through its depth. 

45. The micro-electromechanical system of claim 44, wherein the at least one 
structural layer has a desired three-dimensional shape. 

46. The niicro-electromechanical system of claim 37, incorporated into an 
. 15 optical device. 

47. . The micro-electromechanical system of claim 37, wherein the one or 
more structural layers form a resonator. 

48. . The micro-electromechanical system of claim 37, wherein the one or 
... : . ; , nipte structural^ lay ers .are deposited above the one m more transistors. 

20 49. The micro^electromechanical system of claim 48, wherein the 

. move structural layers are deposited onto an upper level of a metal interconnect of 
tiie one or more transistors. ; * 

50. The micro-electromechanical systeh^^ 
structural layers form a ground plains 
25 the metal interconriect. . 

^ • 24 
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51 . A process for forming a micro-electromechanical system, comprising: ; 

depositing onto a substrate a sacrificial layer of poly crystalline 

germanium; 

depositing onto the sacrificial layer a structural layer of Sii xGcx, 
5 where 6 < x < 1 at a temperature of about 650^C or less; and 

• : . ^ ^ . removing at least a portion of tfid^^^^ . 

52. lihfe process jpf^ 

transistors"bii-th"e;substra^^ i ^^{\^' - • ' 

'^M^^^'i 53. Th6 pr6c(dss;x;)f tlairn 52, wherein the;joiie::C^^^ 

to 

. 54. - The process of claiin 53, whe^^^^ 

onto an upper lievel of a metal interconnect of the one or more transistors. . 
15 56. The process of claim 51 wherein the structural layer forms a ground 

-"planed..; - - ,u , ' .m. >, , . . ^ ^ , 

\ 57. r A process for forming a micro-^electromechanical system, comprising: 

, : . : : depositing onto a substrate a ground plane layer ;of Si i-xGcxi where 0.8>x>0.6; 
y ' ^ ^ depositing onto the ground plane layer a sacrificial layer; - ' * 
26 ' . depositing onto the sacrificial layer a structural layer of Sii.xGex, where 0 < x < 1 at a 
.; ; /. temperature of about 650°C OT less; and . ^ ^ ... \ v ; i >,v 

. J ? removing at least a portion of the sacrificial layer. ; : ^ ; 
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(57) Abstract: This invention relates to micro-electromechanical systems using silicon-germanium films. The invention features a. 
process for forming a micro-electromechanical system on a substrate. This process includes depositing a sacrificial layer of silicon- . 
germanium onto the substrate; depositing a structural layer of silicon-germanium onto the sacrificial layer, where the gennanmfn'' 
content of the sacrificial laycr is greater than the germanium content of the stnicmral layer, and removing a portion of the sacrificial 
layer. A MEMS resonator (105) as seen in figure IB can be produced by the present invention. 
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s (57) Abstract: This invention relates to micro-electromechanical systems using silicon-germanium films. The inventidn features a 
process for forming a micro-electromechanical system on a substrate. This process includes depositing a sacrificial layer of silicon- 

} germanium onto the substrate; depositing a structural layer of silicon-germanium onto the sacrificial layer, where the germanium: 
content of the sacrificial layer is greater than the germanium content of the structural layer, and removing a portion of the sacrificial 
• layer. A MEMS resonator (105) as seen in figure IB can be produced by the present invention. 
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POLYCRYSTALLINE SILICON GERMAN^^^ FOR FORMING 

MICRO-ELECrrROMECHANICAL SYSTEMS 

,5 , CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of the earlier filing date of U.S . Provisional 
Application No, 60/1 16,024, filed Jan: 15, 1999, which is incorporated herein by 
\ reference. -vi-, ,v • 

.•;.:;..;>^. ..BACKGROUND \:iyyl;;^^^^^^^ 

10 p > ; : This invention relates to micro-electroinechanicaJ^3yste^lSc(^^ and more 
particularly to the: fabrication of micrpstructures using structural and sacrificial films: 
Surface micromachining is the fabrication of thin-film microstra 
, selective removal of a sacrificial film. Since the 1 980s, polycrystalline silicon (poly-Si), 
deposited by low-pressuxe chemical vapor deposition (LPCVD), ha3 beconie established 
15 as an important microstructiiral material for a variety of applications. Silicon dioxide . 
• (Sipa). is typically used for the sacrificial layer and hydrofluoric acid (HF) is used as the 
selective "release" etchant in poly-Si microniachining. The successful application of 
:^ poly-Si to inertia! sensors, for exaniple, is owing to the excellent mechanical proper^ 

: pply-Si filnis and to the \yidesprieaLii ayail^ of depbsition equipmeht^^ fo^ and 
20 Si02 films, both of which are standard materials for integrated-circiiit fabrication. : . 

: Co-fabrication of surface microstructures and micfoelectrpnic circuits in a 
. : : , niq4idar faslupn is advantageous in many ^^^^^^ 

; performance and cost. Given the maturity of the micrpelecti'onics industry and the . ; ; 
complexity and refinement pf integrated-circiiit processes, it is highly desirable; if the 
25 MEMS can be fabricated after completion of the electronic circuits with conventional 

. niettallization, such as aluminum (Al) metallization. While this "MEMS-last" striaitegy is 
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infeasible for poly-Si microstructures because the deposition and stress-annealing 
temiperatures for poly-Si films are much too high ifor aluminum or copper interconnects to 
survive, the MEMS-last strategy is nonetheless very desirable. 

The state-of-the-art poly-Si integration strategy is to fabricate the thin-film stack • 
of structural and sacrificial films prior to starting the electronic circuit process. There are 
several practical disadvantages to this "MEMS-first" approach. First, the highly tuned 
and complex electronics process may be adversely affected by the previous MEMS 
deposition, patterning, and annealing steps. For this reason, commercial electronics. . 
foimdries are unlikely to accept the pre-processed wafers as a starting material. Second, : 
the planarity of the wafer surface must be reistored after Gornpletion-df the MEMS thiri- 
'film stack- which can be accomplished by fabricating the MEMS in a micromachined 
Well or by growing additional silicon through selective: iepitaxy. Third, the release of the 
structure occurs at the end of the electronics process and the electronic circuits must be 
protected against the hydrofluoric acid etchant, Finally, the MEMS-first apprdach 
requires that the MEMS and electronics be located adjacent to each other, with electrical 
interconnections that contribute significant paixisitic reisistande and capacitance and 
thereby degrade device performance: 

in one aspect, the invention features a process for forming a micro- . 
electroniechanicai system on a substrate. The process iricltide^ d^jpositing a sacrificial 
layer of silicon-germanium onto the substrate: def)6siting a itmctui^ layer of silicon- • • 
geintnanitim onto the sacrificial layer, whete the gerinitoiuni cbnteiit of tlie i^ciificial' layer 
is greateir than the germanium content of the structural layer; and removing at least a 
portion of the sacrificial layer. 

• 2 
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In another aspect, the invention is directed to a process for fonning a micro- 
electromechanical isystem. The process includes depositing onto a substrate a sacrificial 
layer of silicon oxide; depositing onto the sacrificial layer a structural layer of Si i-xGx, 
where 0 <x ^ 1 , at a temperature of about 650°C or less; and removing at least a portion 
- 5 of the sacrificial layer. 
. \ In yet another aspect, the invention is directed to a process which for forming a 

micro-electromechanical system, comprising the steps of depositing onto a substrate a . 
sacrificial layer of polycrystalline germanium; depositing onto the sacrificial layer a 
: :.. structural layer of Si i-xGexi; where 0 < x $ 1 at a temperature of about GSO'^C or less; and 
10 Tcmoving at least a portion of the sacrificial layer. - V-i-: . . 

: In another aspect, the invention is directed to a process which includes depositing 
a ground plane layer of Sii-xGcx, where 0.6<x <0-8; depositing onto the ground plane 
layer a sacrificial layer; depositing onto the sacrificial layer a structwal layer of Sii-xGex, 
where 0 < jc < 1 , at a temperature of about 650°C or less; and removing at least a portion 
15 of the sacrificial layer. / 

Various implementations of the invention may include c)^ 
following features. The process may form one or more transistors on the substrate where 
V the transistors are formed before the sacrificial and st^ layer^.are deposited onto the 
; : V X' siibstrate. The transistors maty be formed liising Cu metiallizatibn or Al metallization. The 

20 transistors may be formed without metallization before the sacrificial arid structural layers 
are deposited onto the substrate and are metalized after the sacrifi^^ 
. ... . are deposited.. The transistors may be MOS transistors or bipolar tr 

The sacrificial layer may be comiposed of Sii-xGx, where0.4<x < 1. TheV 
sacrificial layer and the structural layer may be deposited at a temperature of about 550°G 
25 or less. The germanium concentration of the structural layer may vary through its depth.. 
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The process may remove portions of the structural layer to achieve a desired three- 
dimensional shape. The sacrificial layer inay be completely removed. The sacrificial 
layer may be removed by exposing it to a solution comprising hydrogen peroxide, 
ammonium hydroxide, and water, or HF. Before the sacrificial layer is exposed to HF, 
5 amorphous silicon may be deposited on the substrate. 

In another aspect, the invention is directed to a micro-electromechanical system. 
The system includes a substrate;' one or more stmctiiral layers of Si j.xGex, formed on the 
substrate, where-(X^:^t-<~l-;-and one or more transistors formed on the substrate. ^ 

Various implemehtatiohs of the microelectromechanical system may include 
10 one of more of the following features. The micro-eleiEtFomechanical system may 
feature a glass or a silicon substrate. It rhay comprise at least portions of one or 
more sacrificial layers of silicon-germanium formed imder structural layers, -where 
the germanium content of the one or more sacrificial layers is greater than the 
. gercnaniiun content of the respective stmctural layers. The system may also 
15 comprise at least portions of one or more sacrificial layers of silicon oxide fomied 
imder structural iayers. . The one or more transistors in the micro-electromechanical 
system may be MOS transistors or bipolar transistors. : 

The one or more structural layers iri the raierb-ielectromechanical system are 
Vv d the one of more transistors; Tfie one or niofe structural layers may 

20 be deposited onto an upper level of a metal interconnect of the one or more 
transistbrs: The one or more structural layers indude a ground plane wW^ 
electnfcally. coruiected to the upper levd o 
' structural layers may fonn a resoha be incdrporatt^d into ah optical 

• " ' • : ■'• *-deVicie:" "* ^ • ■ V. ''..•.•■•>-■•.■,■;;■•..■: ..^ •v. ... . ■ 

' 25 TTie details pf one of more implementations of th^ 

• • . • • 4 
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the accompanying drawings and the description below! Other features, objects, and 
advantages of the invention will be apparent from the description and drawings, and 
from the clfdms. . . . 

A principal advantage of using poly-silicon-germanium is its much lower 
deposition temperature than LPCVD poly-Si; furthermore, a dopant-activation and 
residual stress axmealing step, if even necessary, can be conducted at a much lower ; 
temperature than for LPCVD poly-Si. In fact, the in situ doped, p-type poly-silicon- 
germaniimi (poly-Si(i-x)Gex) does.not require an annealing step, because its as-deposited 
resistivity, residual stress. and stress gradient are sufficiently low for many MEMS 
applications. In situ doped p-type poly-Si(i.x)Gex films m^y be used as the structural 
layer, both to maximize the deposition rate and to minimize the film's resistivity. As a 
result, poly-silicon-germaniurn (pply-Si(i.x)Gex) microstructures can be fabricated using a 
"MEMSTlast" paradigm directly on top of state-of-the-art microelectronics. The initial 
layer of poly-SiGe can be dejposited directly onto an upper-level of a metal interconnect 
in the electronic process. The low thermal budget does not come at the price of degraded 
. performance: the mechanical properties of ipoly-Si(i.x)Gex, such as the intrinisic damping 
parameter and fracture strain, are iii the same range as those of poly-Si. 

Another advantage of LPCVD poly-Si(ux)Gex films is that they m^y be used for 
iiie sacrificial layers, as well as the liiicrdstructural layers. Gennaiiium or jgerniariium- 
rich poly-SiGe films are etched selectively with respect to poly-SiGe films containing at 
least 30 percent Si by using hydrogen peroxide (H2O2) as a release etchant. The . . 
elimination of HF as the release etchant greatly simplifies the final steps and increases the 
- . safety of the process. Hydrogen peroxide, does not. attack the upper layers in 

microelectronic structures; such as aluminum, oxides, or oxynitrides • as a result, there is - 
no need for special masking films to protect the electronics during the release etch. The 



.0042231A3JB> 



^ wo 00/42231 PCT/US60/00964 
extreme selectivity of hydrogen peroxide to germanium-ricH films also eliminates the 
need for closely spaced etch-access holes in microstnictural layers. 
designers can create unperforated plates for such applications as micro-inirrors, where 
etch-access holes are vmdesirable. / 
5 Still another advantage is that by using poly-Sii( j-x)Gex films, which enables the 

MEMS-last strategy, designers can access any integrated circuit (IC) foundry for the 
integrated-circuit portion of the system, since no ihodificaition whatsoever is needed to the 
• microelectronics proceiss. ^ 

SiGe promises to revolutionize MENlS techholojgy by eaising inddular integration 
10' v^th CMOS devices, for example, using ^ --U^^^- " / : , 

' standard processing techniques^ increasing process! throughput arid yield, improving 

■ niolded microstructure (HEXSIL) fabrication, and enabling iiew device designs. These 
" improveniehts are economically viable, since ah LPCVD Si fi^ 

SiGe furnace simply by adding another input gas. 
15 The details of one or more embodiments of the invention are set forth in the 

accDmpanying drawings and the de^^ 

advantages of the invention will be apparent from the description and drawings, and from 
" . the claims. ■ : ^ i; v • 

• "■' ■■"2r--^V' ■ ;-Vl)ESeMPTION;OF DRAWINGS 

FIG. 1 A is a top view of a MEMS resoriator and d inicroislectroriics amplifier built 

. . ; :\ ■'• ; V ^Kside-by-side, ; ' " \- y';'--:;''"'- ;./';- -r- • ■ :r- '^''rr 

FIG: IB is a top \dew of a MEMIS resbriatof built 6n top of a micfbdectrbnics . ' 

''^'amplifier/"' '■ • "- '\ 
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FIGS. 2-7 are cross-sectional views illustrating steps in the fabrication of the 
resonator and the amplifier of FIG. IB. 

FIGS. 8-13 are cross-sectional views illustrating • 
alternative steps in the fabrication of the resonator and the amplifier of FIG. I B. 

FIG. 14 is a graph illustrating the frequency response of a microresonator and 
. CMOS amplifier like that of FIG. lA. 

FIG. 15 is a cross-sectional view of a resonator fabricated on top Of a five-level 

CMOS device, - ' .= ■>"; r •:.-*\* : • 

FIG. 1 6 is a ciross-sectional view of a HEXSIL structure having silicon oxide arid 

germanium as sacrificial layers. : ' 1> ' 

Like reference symbols and reference numbers.in the various drawings i^^^ 

like elements. : . '. ^ m.'-..^ ^ ^ : v...^-.,- -v v. • 

; .DETAILED 

The present invention is direct^ed to the use of a Sij-xGcx, material, where 0<x< 1, .. 
for fabricating MEMS devices. The present invention, vyill be described in terms of 
; several representative embodiments and process steps in fabricating a MEMS resonator 

V,/ witii.pfire-existing'nM ■'■^U-.::: 'C- : : :>^:-;'=.>"^:-- . ■ ' 

/ ■ : P U a sieniiconductoiralloy material which has properties similar to Poly- 

Si, but can be processed at % . . . / . - ViM / : V .v\^ ' /^^^^^ 

substantially lower temperatures. Table 1 provides a comparison of the various properties 
of polyrSi and poly^rQe. ■ 
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PolySi 


Poly-Ge 


Thermal Properties: 






Melting temperature {°C) 


1415 


937 


^deposition C°^) 


"600 


~350 .... 


Tstrcss anneal 


900 


<550 


Thermal expansion. (IC/K) 


2,6 


5.8 


Mechanical Properties: 






Young's Modulus (Gpa) 


173 


132 


Fracture strength (Gpa) . 


2.6+/-0.3 


2.2+/-0.4 


Electrical Properties: 






Bandgap at 300K (eV) 


1.12 


;66 


Electron affinity (V) 


4.15 


4.00 



Table 1: Properties of poly-Si and poly-Ge 

Fig. 1 A shows the top view of device 120 including a CMOS trans-resistance 
amplifier 100 and a microresonator 105 in a side-by-side configuration. The resonator . 
• 5 1 05 is a comb-drive device fabricated Mdth microfabrication equipment using p-type Sij. 

xGcx/ where 0<x < 1 /as the stnictural miaterial and Ge as the sacrificial m^^^^ In this 
particular device, X =0.64. Resonator microstructiires are described in U.S. Patent 
5,025346; U.S. Patent 5,491,604; U S. Patent 5,^^ 
; ' These pateiit^ ^e a^^ assigned to^^ i^^ the jiresent apj^lication and are 

10 incorporated herein by reference. 

The amplifier 100 may include oiie or more transistors. The transistors may be 
MOS or bipolar transistors. The transistors may be forfned on a silicon 

. Fig. IB shows amplifier 100 and microresonator 105 in a vertical configuration on 
device 120. The low deposition temperature of SiGe films makes it possible to deposit - 
15 the MEMS structure after completion of the microelectronics. Therefore, resonator 105 

8 
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can be fabricated directly on top of amplifier 1 00. This vertial configuration reduces 
interconnect resistance and capacitiance inherent in the side-by-side configuration of Fig. 
1 A, enhanbihg device perfohriance. 

Conventional low pressure chemical vapor deposition (LPCVp) equipm 
5 used to conformally deposit poly-SiGe films by thermal decomposition of germane 

(GeRi) and silane (SiHt) or disilane (Si2H6). Film deposition using disilane as a silicon 
source allov^s for reduced deposition temperatures, when compared with films deposition 
using silane. The films may be deposited at temperatvires of about 650®C or less, about 
550°C or less, or even 450^*0 or less. iSi deposition is catalyzed by the presence of Ge, so 
10 / that the film deposition rate increases with increasing Ge content Wlien the process is 
limited by surface reactions. Thus, the deposition temperature can be lowered by . 
increasing the Ge content. Deposition rates of greater than 50 A/minute can be achieved 
at temperatures bielow ^TS^'C for films with more thaii 50% Ge content, and at 
temperatures down to 325^C for pure Ge. 
15 The Ge content in the structiiral and sacrificial layers can range fifom about 30 to 

100 percent. As discussed belov^, however, the Ge content iii the saicrifici^l Si(i.x)Ge(x) 
layer needs to be greater than that in the stnictu^ 

Poly-Sii-xG^Cx films can be hedvily doped by the iric^ ih-situ 
diiring depositibri or ex-situ by ion implairitatibn or diffiisibh^a^ 
20 annealing. TTbe resistivity of p-type poly- Sii.xGex films geiierally decreases vsdth Ge 
content, due to increases in carrier mobility and dopant activation However, the 
r resistivity of n-type filriis increases with Ge boiitent above aboi^ 
reductions in dopant activation rat6. ^ ' : • 

Poly-Si i-xGcx films can be patter^ 
25 . techniques: Germanium oxides are soluble in water; coiisequently, Ge-rich poly-Sij^xGex 
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is etched in oxidizing solutions such as H2O2. Ge is not attacked by nonoxidizing acids, 
such as HF, and bases. The Sii.xGcx films with greater than about 60 percent Ge content 
are rapidly etched in the standard RCA, SCI clean bath (1: 1 :5 NH4OH:H202:H20). This 
. solution can thus be used to etch both doped and undoped Sii.xGCx films with a selectivity 
5 (to Si and Si02) which increases exponentially with Ge content. Poly-Sii-xQex films are ; 
not significantly affected by mildly oxidizing or non-oxidizing solutions which are 
. typically used in wet cleaning processes. poly-Si uxGcx is etched in flourine-based 

plasmas. The plasma etch rate of poly Sii-xGex films increases with increasing Ge . • 
content due to the greater gasification rate of Ge atoms. High Sii-xGex-to-Si etch-rate 
10 . ratios can easily be achieved using reactive ion etching. ^ 

In order to maintain a low thermal budget for. the MEMS fabrication process, 
rapid thermal annealing (RTA) by high-power tungsten-halogen lamp irradiation can be 
employed to lower the resistivity of the poly-Si i^xGcx films. Because Ge has a lower 
energy band gap than Si, it absorbs the lamp radiation much more efficiently than Si. Its 
15 higher absorption coefficient results in selective heating of Ge during the anneal. This 
feature can be exploited to realize higher annealing temperatures for poly-Sii-xGcx or 
poly-Ge niicrostructural films than would otherwise be possible vsdth ftimace annealing. 
This selective aimealing phenomenon is a unique advantage of pdly-Sii^xGCx or poly-Ge 
micirostnictural fil^^ loWering the thermal budget needed for MEMS fabriciatioh. 
20 . Referring to Fig. 2-7, the process steps for the modular integration of mainstream 

microstmctures, for example microresohator 105, with convention^ CMOS circuitry, for 
' example amplifier 1 00, are illustrated. A starting substrate 1 1 0 (Fig. 2) contains 
microelectronic circuitry, isuch as NMOS 2 1 0, fabricated using a conventional CMOS or 
BiCMOS transistor process. A metal interconnect 2 1 5 may be formed with Al or an allQy 
25 of AL Alternatively, it can be formed by Cu or an alloy of Cu, or other standard 

10 
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metallurgy. There can be barrier metals such as Ti/TiN (not showri) between intercormect 
215 and substrate 1 10. The interconnect 215 is copnected to aheavily doped p+ type (p^) 
polycrystalHne silicon (pOly-Si) strap 205. 

These figures are not to scale, so that all layers are clearly visible. Several metal ; 
5 interconnect layers are possible, but only one is shown for simplicity. The electronics are 
passivated with low-temperature-deposited silicon dioxide (LTO) 225. The LTO 225 is . 
chemo-mechanically polished to achieve a planar surface. ; , 

. Referring to Fig. 3, a via 305 is cut through LTJp:225 to p+ poly-Si connection . 
• strap 205 using conventional lithography and etch steps, In apother embodiment, via 305 
10 could go down to intercormect 215, elirninating the needJbr p+ poly-Si connection strap 
205 and thus reducing interconnect resistanqe. - 

Next, a layer 3 10 of p+ poly-Si i.xGex, which will serve as the ground plane, is 
deposited and patterned. In one embodiment, an in-situ doped film is. used.. 
Altematiyely, ground plane 310 can be formed by depositing an imdoped film and 
15 subsequently doping it by ion implantation or diffusion processes well-known in the art. 
A pt poly-Sii>xG^ material with 0.8> x > 0.6 could be used for groimd plane 3 1 0, as the 
\Ge content must be high enough to enable low processing temperatures (for compatibility 
^^^^^ : w cannot be so high thi^t the ground plaiie would not be 

20 . : A variety of deposition and predeposition conditions are possible for th^ 

other steps mentioned elsewhere in this detailed description. It should be clear that the 
:\ various deposition conditions are mentioned for illustrative purposes only. While there 
V : are Other possible deposition conditions, the following deposition conditions for p+ poly- 



Si ixGCx ground plane 310 are provided: predepositing an amorphous Si layer (not 
25 shown) of less than 5 nanometers by flowing for two minutes 200 standard cubio -*^ ^ 
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cehtimeter per minute (seem) SiiH^ at a pressure of 3 OOmT and a temperature of 425°C. 
This is needed to allow the p-H poly-Sii-xGex ground plane to nucleate on LTO 225: The 
final ground plane thickness is approximately 500 nanometers, and it is deposited by 
flowing for 30 minutes 85 seem SiH4, 90 seem GeRi, and. 50 seem of the B dopant source 
5 gas(10%B2H6and90%SiH4)at600mTand450°C.. 

Figure 4 shows that a sacrificial layer 405 of poly^Ge is then deposited, and . 
selectively etched down to p+ 
"■' poly-Si i-xGcx ground plane 3 10 in region 4 10 where the structural layer of the . ;.. 
microstructiire is to be anchored. The location of region 410 with respect to interconnect 
10 21 5 is for illustrative purpose only and can be more to^the. right OPtoA^ 

interconnect. The deposition conditions for the sacrificial layer 405 are as follows: ^ 
predeposition: 5 mm^, 3d6 mT, STS'^C, 200 seem Si2H6; and deposition: 165 min., 300 

mT, 375°C, 220 seem GeH4. 

These deposition conditions resulted in a 2.7 micron thick sacrificial layer 405. 
15 Again, the predeposition is needed for the poly-Ge to be able to deposit on LTO 225. It is 
possible to have poly-Si i.xGcx instead of poly-Ge ias the sacrificial material for layer 405. 
However, the sacrificial poly-Si i ^Gcx must have an x greatter than the x for the structural 
pbly-SiuxGexVt^ 

structural layers: This is because the material with higher Ge ednteht Will be etched 
. 20 (sacrificed) faster in oxidizing solutions tlmn the material with lower Ge content. 

Next, in Fig. 5, a strufciurail layer 505 of p+ poly-Sii.xGex is deiposiited and 
patterribd. the deposition conditiohs for the lay6r 505 of p+ poly-Sii xGeii are as fdllpws: 
predepositionV 2 n^^^ mT, 425*^6, 200 scefn'SiaMe; and deposition: i 80 niin:, 600 
mT, 450*^C, 85 seem SiH4^ 90 seem 5eH4, and 50 seem of th^ B dopant source gas (10% 
25 B2H6 and 90% SiR*). 

_0042231A3 IB> • 
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The deposited stmctural layer 505 is a 3 micron t^^ Again the 

. • . predeppsition allows structural layer 505 to form on Si02. Although there should not 
. have been any SiOa surfaces, poly-Sii-xGcx can form a thin native oxide layer (not shown). 
Referring to Fig. 6, opening 610 is then patterned and etched through sacrificial 
5 poly-Ge layer 405, ground-plane 310 and layer 225. This step exposes a metal bond pad 
./ 605, . The standard release etchant used in conventional surface-micromachining 

technology is a hydrofluoric acid (HF) solution, which attacks metal and hence makes it 
; . difficult to clear bond-pad areas prior to microstructure release. The use of germanium as 
. a sacrificial material makes it possible to expose the metal bond pad without risking any 
ia : damage, since germanium is easily removed in aii oxidi2dng solutj^^^ which is benign to 
• metal. This simplifies and im 

In Fig. 7, sacrificial poly-Ge layer 405 is then, etched away using an oxidizing 
solution such as H2O2. Finally, substrate 1 1 0 is rinsed and dried. Precautions to prevent 
, stictibn betvveen structural layer 505 and groimd plane 310 may be necessary. Note that 
15 this pfpcess allows MEMS structures to be fabricated directly on top of the electronics as 
:; .'depicted in Figures IB and 7. . This reduces parasitic resistances and capacitances 
associated ^yith.long interconnects, and also. redu^ 

: T^ structures over 

drciiitry ih which a p-lype polyrSi layer i^ available to form 
.; 2Q interconnections between devices, It should be noted that sub-0.25 micron CMOS. 

technology typically employs a poly- Si layer vvhich is sielectively dpped (n+, in n-channel 
... ; 4^ 

• ; . . avmlable for fpnning interconnectinjg st^ 

: Ahem^ the p+ poly-Sij-xGex ground plane could be connected directly to a nietal . . 
25 . line, without the need for an intermediary poly-Si strap. 
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Although the iise of Ge-rich poly-SiGe as a sacrificial layer has several 
advantages, the MEMS-last integration strategy is also feasible using oxide sacrificial 
layers. In tiiis case, it is possible to use n-type or p-type poly-Si i-xGcx ias the structural 
layer. Since HF is the release etchant for oxide sacrificial layers, it is necessary to protect 
5 the electronic structures from attack by HF during release. A pinhole-free layer is needed 
that can be deposited at low temperatures (< 450^G) and that can withstand lengthy . . 
exposure to HP without degradation. Furthermore, the film cannot be highly conductive, 
or it will short out the poly-Sij-xGcx microstructures. Amorphous silicon is found to be a 
useful film for this application. . 

10 Figs. 8-13 illustrate an alternative process of manufacturing a MEMS devicie, such 

as microresonatbr 1 05, directly on top of microelectronics, such as amplifier 1 00, using 
oxide as the sacrificial material. In Fig. 8, a starting substrate 112 contains - 
inicroelectronic circuitry, such as NMOS 212, fabricated using a conventional CMOS or 
BiCMOS transistor process. A metal interconnect 217 may be formed with Al, Cu, an 

15 alloy of AL an alloy of Cu, or other standard metallurgy. Here interconnect 21 7 is made 
of Al. There can be barrier metals such as Ti/TiN (not shown) between interconnect 217 
and substrate 1 12, In this embodiment, a strap 805 connected to interconnect 2 1 7 is a 
heavily doped ri-typle (n+) pblycrystallihe silicon (po 

• These figinres are not to scale, so that all layers ai^e clearly visible. Seyeral metal 

20 interconnect layers are possible, but only one is shown for simplicity. The electronifes are 
passivated with low-temperature-deposited silicon dioxide (LTO) 227. 

As shown in Fig. 9, an amorphous Si (a-Si) layer 905 is then deposited. This a-Si 
i$ resistant to hydrofluoric iacid (HF) airid was dernohstrated to piirdtect the detctrbnics, 
such as NMOS 212, from HF. Another LTO layer 910 is subsequently deposited to serve 

14 . 
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as an etch-stop layer for a later etch step. This.LTO layer 910 can be eliminated in other 
embodiments. 

The deposition conditions for a 590 A thick layer 905 incluide a two-step LPCVD 
process for flowing Si2H6 at 500 mT. Step. 1 is conducted at .450*^C for =6 minutes, and 
step.2 is conducted at 41 0**C for 40 minutes . 

In Fig. 1 0, via 1 000 is then formed through multilayer stack layers 227, 905 and. 
910 using conventional lithography and etch steps. The yia 1000 goes down to an n-*- 
poly-Si connection strap 805. In other embodiments, the via(s) could go down to 
interconnect.21 7 instead and n+ poly-Si connection strap 805 could be eliminated, 
reducing interconnect resistance. . ^ ..^ ^.r' '.'<r:'.r^:.^^'',:■ 

Next, an n+ poly-Ge layer 1010 is deposited. This nt poly-Ge layer is the . 
ground-plane layer. Although ah in-situ doped film was used, grouiiid-plane layer 1010 
can be formed by depositing an undoped filrn and subsequently doping it by ion 
implantation or diffusion processes well-known in the art. It should be noted that instead 
of n+ or p+ poly-Ge, n+ or pH- poly-Si i.xGex with x < 1 could be employed for the ground- 
plane layer. The ground plane layer is patterned fusing conventional lithograiphy and etch 
processes. 

- •", \ : The deposition conditions for a 3100 A thick nt poly-Ge ground plane layer 1010 
iiiclude a LPCyD process cond seem 
SiiHe for 1 minute; and deposition: 100 seem GeHU and 10 sccm.50% PH3/50% SiHj for 
-^O-ininutes. ^ ^- - • •■ ..v..-*' •■->.^- 

i ['I Next,asshowninFig- 11^ a sacrificial layer 110^ TheLTG 
layer 1100 is chenio^mechanically polished to give a flat surface. The LTO layer 1 100 is 
then etched down to the n+ poly-Ge ground plane in regiori 1110 where the structural 

■ 15 . ' 
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layer is to be anchored (e.g. oh the right side of the figure) and connected to ground plane 
1010. 

As illustrated in Fig. 12, a structural layer of n+ poly-Ge 1200 is next deposited. 
Although an in-situ doped film can be used, structural layer 1200 can be formed by 

5 depositing an undoped film and subsequently doping it by ion implantation or diffusion as 
is well-known in the art. Again, it should be noted that instead of n+ or p+ poly-Ge, n+ 
or p+ poly-Sii-xGex with x < 1 could be employed for structural layer 1 200. The 
structural layer 1200 is patterned using conventional lithography and etch processes. . 
The deposition conditions for forining a 2.2 micron thick n+ pply-Ge structural 

10 layer 1200 include a LPCVD process conducted at 400''C, 300 mT: predeposition: 200 
seem Si2H6 for 1 minute; and deposition: 100 seem GeHU and 10 seem 50% PH3/50% 
SiH4 for 4 hours and 45 minutes. 

Referring to Fig. 13, the devices are next annealed with RTA of 550^C for 30 
seconds in a nitrogen (N2) environment to lower the resistance of n+ poly-Ge layer 1200. 

15 The sacrificial LTO 1 1 00 is then etched away using an HF-containing solution. Finally, 
substrate 1 12 is rinsed with water and then methanol, and air-dried. Typically, stiction 
between structural layer 1200 and ground plane layer 1010 occxirs during the drying 
process, ^d extra steps ard needed to avoid this problem. It is found that poly-Ge 

' sthicti^ This 

20 advantageous low stiction property of poly-Ge may also exist for poly-Sii-xGcx with x < 
1 . Note that this process allows the MEMS structures to be fabricated directly on top of 
the dectrordeis as depicted in Fig^ ; ^ • 

capacitances associatted With long interconnects^ and also reduces cost by saving area. : 
This process flov\^ is directly aj)plicable to fabricating MEMS structia-es over 

25 standard electronic circuitry in which an n-f poly-Si layer is available to form . 

16 ■ 
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interconnections between devices: It is also possible to use heavily, doped p-type (p+) 
poly-Si|.xGex for the structural layer(s): If so, either a p+ poly-Si interconnection strap 
could be used; or the p+ poly-Si|-xGex ground plane could be connected directly to a metal 
line, without the need for an intermediary poly-Si strap. 

As a variation of the above processes, the transistors on the substrate may be 

. formed without metallization before the sacrificial and structural layers for the 
'microstructure are formed. The transistors may then be metallized after the sacrificial and 

' structural layers are formed: However, this interleaved fabrication strategy does not have 
the manufacturing advantages of the post-electronics modular approachs described in 

'■• •*"Figs;2-I3.> * • • ^% \ ^ 

: The firequehcy response of an integrated poly-Ge resonator and standard CMOS 
airiplifier is displayed in Figure 14. TTie ground plane arid shiittle were biased at 50 V. 
The drive signal was an AG signal with 7 Vp.p. The device, was tested in air and the • 
resonator had a Q of 45 and a resonant frequency of 14.05 kHz.. The frequency response 
shows that the device was fully functional : • : . . 

While single layer interconnect layers are shown in the processes of Figs. 2-7 and 
Figs. 8-13, Fig. 15 illustrates that the several metal inte^^ 
v^:- in a modern CMOS device enable the design of shoft> well-shielded vertical . : 

iriterconnectipris betWeeri a and the eilectroiiics. The MBMS stnicture 

1 500, such as a microresonator, is fabricated directly on a 5-level metal interconnect 
1 550. As ^hoWn, the microresonator includes drive electrodes 1 SPS^ a tuning fork : 
"■r- r^sohator 1510, and sense electrodes 1515.. The 5-level metal interconnect 1 550 includes 
V a DC bia^ 1520 to resonator 1510, and shields 1 525 and 1530 protect interconnect 1555 
to drive electrodes 1505. -The imereprmect 1550 sdsp includes shields 1540 and 1535 id . 
. protect interconnect 1 545 to sense electrodes 1 51 5. The integrated MEMS 1 500 is 
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inexpensive to fabricate, since there is no need for a specialized, expensive electronics 
process and since the addition of the MEMS structure does not increase the die size. 
Finally, the extension to multiple structural layers is much easier than for MEMS-first 
integration strategies because the increase in thickness of the MEMS film stack has no 
5 impact on the electronics process. 

The availability of several sacrificial materials (Si02, Ge-rich SiGe, and Si-rich 
SiGe) provides different design options for other devices, such as a HEXSIL structure of • 
the type disclosed in U.S. Patent 5,660,680, assigned to the assignee as the subject 
application and which is incorporated herein by reference. As shown in Fig. 16, a . 

10 HEXSIL structure 1 61 5 of SiGe is formed in a Si mold 1^20 usi^g two sacrificial layers, 
an Si02 layer 1610 and a Ge layer 1 605. The ability to etch different sacrificial layers at 
different times during a process offers various design options. For example, the thermal 
coefficient of expansion of Si02 layer 1 61 0 is sufficiently different from that of Si mold 
1 620 so that cracks can result from cooling the mold after dep)Osition. An HF etchant 

15 could also damage the mold with repeated use. Layers of Ge-rich SiGe and SiOz could be 
used to make the thermal expansion coefficient of the sacrificial material match that of 
the Si mold. Also an H202:NH40H:H20, 1:1 :5 solutipn bubbles at about WC which 
eases tdeaise of t^^ 

' V--"^"-^-:^^^^^ . ; . . 

20 Additionally, SiGe has unique properties that wilLallow the design of new - 

devices; Unlike Si, Ge is reflective at the infrared wavelengths of interest for 
cdriunuiiication applications. The reflectivity of Ge is higher at wavelengths in the f 
infrared arid visible rfeginies. Optical switches aiid projection television applications may 
" be able to lise Ge reflectors without coatings to improve reflectivity. Such devices may_ /• 

25 be fabricated on glass substrates. The low processing temperatures for SiGe will allow 

18 
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. the use of low temperanire materials. Relatively thick layers can be fabricated with less 
concern for wafer bow during processing. By grading the Ge concentration, three- 
dimensional sctilpting of layered structures will be possible. The stress. Young's 
Modulus, density, and conductivity can be tailored by changing the Ge concentration. 

5 A number of embodiments of the invention have been described. Nevertheless, it . . 

will be understood that various modifications may be niade without departing from the 
spirit and scope of the invention. Accordingly, other embodiments are within the scope 
of the following claims. 
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. WHAT IS CLAIMED IS: 

. 1 A process for forming a micrd-electromechanical system, comprising: 
. depositing onto a substrate a sacrificial layer of silicon-germanium; : 

depositing onto the sacrificial layer a structural layer of silicon-germanium, where the 
germanium content of the sacrificial layer is. greater than the germanium content of the 
structural layer; and 

removing at least a portion of the sacrificial layer: ^ 

2. . The process of claim 1 , wherein the sacrificial layer is composed of Sij. 
xQCx, where 0.4 <x < 1. 

3. The process of claim 1 , wherein the sacrificial layer and the structural 
layer are deposited at a temperature of about 650*^C or less. 

4. The process of claim 1 , wherein the sacrificial layer and the structural 
layer are deposited at a temperature of about SSO'^C or less. . 

5. The process of claim 1 , wherein the sacrificial layer is completely 
removed. 

6. The process of claim 1 , further comprising forming one or more transistors 
on the substrate. 

: ; • ^ 7 . ; The process of claim 6, wherein the one or mof e- transistors are formed : 
before the sacrificial and structural layers are deposited onto the substrate. 

8. The; process of claim 6, wherein the. one or more transistors are? formed 
; xising Cu metallization. ■ t ^ .* / v ; vc 

9. The process of claim 6, wherein Ae one or more trarisistprs^ 
using Al metallization. 

20 
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\ ' ' 10. The process of claim 6, wherein .the sacrificial and structural layers are 

deposited, onto the substrate at a ternperiature of about SSO^'C or less; 

11. The process of claim 6, wherein the one or more transistors, are formed 
without metallization before the sacrificial and structural layers are deposited onto the . 

5 substrate; and further comprising metallizing the transistors after the sacrificial and 
. structural layers are deposited onto the substrate. V 

12. The process of claim 6, wherein the one or more transistors are MOS . 
, -\ ■'• -transiistors. ■ • . -i 

13. : ITie process 

■ 10 K •■•■transistors.. 5- • r y - ■ • • -r . .. 

14. The process of claim 1 or claim 6, wherein the sacrificial layer is removed 
by exposure to a solution comprising hydrogen peroxide, ammonium hydroxidei, and 

.water. ' • ; .'.'"*'■• -vv- ^ . 

15. ; The process of claim 1 or claim 6, wherein the sacrificial layer is removed 
15 by exposure to a solution. comprising hydrogen peroxide." , 

: . 16. Theprocess of claim 1 /wherein the germanitm 

\ : ; • smicturai layer varies through its depth; V : : ; :; ^ 

- 7 ^ V - r'"'l. 1 7- The process of clairn 16, furthefcoinprisirig remoying.ppit^ of the : ^ 

; Structoal laiyer to achieve v^-"^ %A > 

20 V : 1^ : The process of claim 1, further comprising incorporating the system into 
an optical device. ; v v ^ 

O'-y - }r : -''\9, A process for forming a micro-electromechanical system, comprising: 
. depositing onto a substrate a sacrificial layer of silicra 
:,'-'y^^:-^:'-^f^ depositing onto the- sacrificial liayer a stnictii^ <1, - 

25 atatemperatureofabout 650**Cor less;and^^ ; _ 
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' removing at least a portion of the sacrificial layer. i 

20. The process of claim 19, wherein the sacrificial layer and the structural 
' layer are deposited at a temperature of about 550^C or less. . 

21. The process of claim 19, wherein the sacrificial layer is completely 
5 removed. 

22. The process of claim 19, further comprising forming one or more 
transistors on the substrate. 

23. The process of claim 22, wherein the one or more transistors are formed 
before the sacrificial and structural layers are deposited onto the sub^ 

10 . 24. The process of claim 22, wherein the one or more transistors are formed 

using Gu metallization. 

. 25. The process of claim 22,. wherein the one or more transistors are formed 
using Al metallization. 

.26. The process of claim 22, wherein the sacrificial and stractural layers are 
15 deposited onto the substrate at a temperature of about SSO^'C or less. 

27. • The process of claim 22, wherein the one or more transistors are formed 
without metallization before the sacrificial and stractiiral layers are deposited onto the 
substrate; and further comprising metallizing the transistors after the sacrificial and 
: stractural layers ari^ :>f^:' : 

20 28. \ The process of claim 22, wherein the one or more transistors are MOS 

". traiisistors . . • ; v.. ' . 

29: The process of claim 22, wherein the: one or more transistors are bipolar 
•*■■*■ transistors-' -^^'r , ■ i •y^:./:-: ,-'^[\Z^--^^^^ -^'-'^ • ■ -. . "' 

30. The process of claim^ V 
25 exposure to a solution comprising HF . 

^ ' ' ' 22 
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31 . The process of claim 22, wherein the sacrificial layer is removed by 
exposure to a solution comprising HF. " , " 

32. The process of claim 3 1, further comprising depositing amorphous silicon 
onto the substrate before the sacrificial layer is exposed to HF. . : . . 

33. The process of claim 32, wherein two or more separate layeris of 
amorphous silicon are deposited onto the substrate before the sacrificial layer is. exposed 

toHF. : ■ . • - •V: "--^ V'- ^'VV^' •■ 

34. The process of claim 1 9, wherein the germanium concentration of the 
structural layer varies through its depth. • y V 

V '35. : The process of claim 34, further comprising^removing portions of the 

structural layer to achieve a desired three-dimensional shape. \.. 

36: ' The process of claini 19, further comprising incorporating the system into 

an optical device. -v:' ' ■ ■ ■ ■ . 

37. A micr5-electromechaiucal system, comprising: 
a substrate; v ; v ■ 

one or more structural layers of Si iJxGbx, formed oh the substrate, where 0 <x < 1 ; 

and " • ■ . ' ■ •^; V;-. •;■ \*v';'\- 

: : : 3Sy r; the substrate is 

■ 'laisilicon slibsti^e. Y- 'V ■ r ■■-^■i-r:'--^ '^-v 

39, The micro^electromechanical system of clmm 37, wherein the substrate is 
a glass substrate. V •*'^;:- " ■'i"^- 

, ■ 4 ^ 40. The micro-electromechanical systeni of ^^^^^ fiirflier comprising at 
\ least portions of one or more, sacrificial layers of silicpn-gerinaniuni formed under • - 
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respective structural layers, where the germanium content of the one or more sacrificial 
layers is greater than the germanium content of the respective structural layers* 

41 . The micro-electromechanical system of claim 37, further comprising at 
least portions of one or more sacrificial layers of silicon oxide formed under respective 
structural layers: 

42. The micro-electromechanical system of claim 37, wherein the one or more 
transistors are MOS transistors. 

- 43. The micro-electromechanical system of claim 37, wherein the one or inore 
transistors are bipolar transistors. 

■■: ; 44. The micro-electromechanical system of clajm 37, wheirein the germanivun 
concentration of at least one structxiral layer varies through its depth. 

45. The micro-electromechanical system of claim 44, wherein the at lea3t one 
structural layer has a desired three-dimensional shape. 

46. The micro-electromechanical system of claim 37, incorporated into an 
optical device. 

47. The micro-electromechanical system of claim 37, wherein the one or 
more stractural layers form a resonator. 

48. The liiicrorelectrornechanical system of claim 37, wherein the one or 
; -hiore structural layeils are deposited above theioiie of more transistors. 

49. The micro-electromechanical system of claim 48, wherein the one or . 
more structural layers are deposited onto an upper level of a metal interconnect of . 
the one; or more transistors. - . ; 

50. > The microTelectrpmechanical system of claim 49, wherein the one or more 
structural layers form a ground plane which is electrically connected to the. upper level of. 
the metal interconnect. 

24 
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51 . A process for forming a micro-electromechanical systeni, comprising: 
depositing onto a substrate a sacrificial layer of polycrystalline 

germanixmi; ^ 

depositing onto the sacrificial layer, a structural layer of Sii.xGex, 
5 \yhere 0 < X < 1 at a teniperatur^e of about 650°C or less; and 

removing at least a portion of the sacrificial layer:; 

52. The process of claim 5 1 , further including forming one or more ■' ^ 
- transistors on the substrate. . ^' i^ KiJ^^ x df.:;' : : • 

. ^ ' 53. The process tifcimiii 52, wherieiin the one or more transistors are formed 

10 before the sacrificial and structural layers: are deposited onto the substrate. 
I ■ , 54. The prbcess of clairri 53, wherein the sacrificial and structural layers 

EU-e dq>6sited above th^ 

55. The procfeiss of claim 53, wherein the struc 
onto ian upper level of a metal interconnect of the one or more transistors. . 
15 56. The process of claim 5 1 wherein the structural layer forms a ground 

^ plane.' ■"'\:*-^--. /"-r."/ ^ ' • ■ ' . ^ 

: 57. A process for forihing a micro^electromechanical system, comprising: 
• ; : d a substrate a ground plane layer of Sii-xGcx, where O.S>x>0.6 

20- : V depositing onto the sacrificial layer a structural layer, of Sij-xGcx, where 0 < x < 1 
V temperature of about 656°C or less; andy^^^ 

removing at least ^ portion of the sacrificial layer. V ; ■ 

25 
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